
MoS2 Nanosheets: A Designed Structure with High Active Site
Density for the Hydrogen Evolution Reaction
Zhuangzhi Wu,†,∥ Baizeng Fang,‡,§ Zhiping Wang,† Changlong Wang,† Zhihong Liu,∥ Fangyang Liu,∥

Wei Wang,⊥ Akram Alfantazi,⊥ Dezhi Wang,*,† and David P. Wilkinson*,‡,§

†Key Laboratory of Ministry of Education for Non-Ferrous Materials Science and Engineering, School of Materials Science and
Engineering, Central South University, Changsha 410083, China
‡Department of Chemical & Biological Engineering, University of British Columbia, 2360 East Mall, Vancouver, BC, Canada V6T
1Z3
§Clean Energy Research Center, 2360 East Mall, Vancouver, BC, Canada V6T 1Z3
∥School of Metallurgical Science and Engineering, Central South University, Changsha 410083, China
⊥Department of Materials Engineering, University of British Columbia, Vancouver, BC, Canada V6T 1Z4

*S Supporting Information

ABSTRACT: Two-dimensional MoS2 nanosheets (NSs) with
high active site density were designed for the hydrogen
evolution reaction (HER) through a microdomain reaction
method. The effect of the annealing temperature on the
microstructure and the HER performance of MoS2 NSs was
examined, and a plausible relation between the stack structures
of the MoS2 catalysts and their HER performance was also
explored. The MoS2 NS electrocatalyst obtained at 550 °C
reveals the best HER performance with a relatively small Tafel slope of 68 mV/dec. Both the exposed surface area and active site
density are very important for providing a large amount of active sites. The present work has been proved to be an efficient route
to achieve a high active site density and a relatively large surface area, which might have potential use in photoelectrocatalytic
water splitting.
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1. INTRODUCTION
Hydrogen energy is a clean resource and serves as one of the
most promising candidates for replacing petroleum fuels in the
future. Efficient hydrogen production is a core hurdle facing the
development of a hydrogen based economy. Although platinum
is well-known for its superior electrocatalytic property in the
hydrogen evolution reaction (HER) in an acidic medium and
commonly used as an electrocatalyst in this application,1,2 large
scale application of Pt is highly limited due to its high price and
global low availability.3−6 The development of an inexpensive,
highly active, acid-stable HER electrocatalyst remains a major
challenge.7−9

Recently, transitional metal sulfides such as nanometer-scaled
MoS2 and WS2 have drawn great attention as inorganic
electrocatalysts for HER due to their low cost, high chemical
stability, and excellent electrocatalytic properties.10−22 Three
main techniques have been suggested to optimize the HER
activity of MoS2 and WS2, including (1) increasing the catalytic
activity of the active sites, (2) improving the electrical contact
to these sites, and (3) increasing the number of active sites of
the catalysts.23 In order to increase the intrinsic activity of the
active sites, some promoters were employed, such as Ni, Co, B,
etc., which were widely studied in the hydro-treating catalysts of
petroleum.24−30 A recent report also demonstrated that the

addition of cobalt could greatly enhance the electrocatalytic
activity of MoS2, due to a reduction of hydrogen binding energy
from 0.18 to 0.10 eV, which is close to the 0.08 eV for the Mo
edge.11 As a result of doping with Co, all the edges become
active for the HER. However, it must be noted that only 25% of
the edge atoms are hydrogen covered during the reaction
according to the density functional theory (DFT) calculation of
hydrogen binding free energy, implying that only a fraction of
the MoS2 entities are active for the HER.10,19 In order to
improve the electrical contact to the active sites, some supports
with excellent electrical conductivity have been investigated.
Generally, carbon materials are commonly used as electro-
catalyst supports for the HER and other electrochemical
applications, mainly including carbon nanotubes,23 macro-
porus-meosporous carbon materials,31−35 graphene,16 reduced
graphene oxide sheets,36 and so on.
As to the last point, there are two strategies to increase the

number of active sites. The first one is to increase the surface
area of catalysts or their supports for more exposed planes.
However, the catalytic activity of MoS2 has been reported not
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to be proportional to the surface area, because the HER active
centers for MoS2 have been identified to be the edges of the
hexagonal lamellar MoS2 crystal layers, specifically the (10−10)
edges,10,19 and the basal planes have been found generally inert
for the HER. If a great fraction of the high surface area was
attributed to the exposure of basal planes, the total activity
would not be greatly improved. Therefore, an intrinsic
improvement in the density of active sites is much more
important than a simple increase in the surface area, which
requires a large ratio of perimeter-to-basal area (i.e., with more
edge sites).
To meet this requirement, a great deal of effort has been

devoted to modifying the surface structures of MoS2 materials,
including gentle oxidation of MoS2,

37−39 functional structural
design,40,41 and stabilizing the edge layers with organic
molecules.13,21,42 However, most of these reports only
presented low-stacked MoS2 structures, resulting in a relatively
low edge/basal ratio. To gain a maximum value of edge/basal
ratio, a higher stack height (along c axis) with more edge sites
and a smaller size of basal plane are required.
In this study, an optimized and tailored structure of MoS2

nanosheets (NSs) has been developed by a microdomain
reaction43,44 and explored as a highly active catalyst for the
HER. The tailored MoS2 NSs catalyst possesses rich exposed
edge sites with a thickness of only ca. 2 nm, achieving a higher
value of the edge/basal ratio. Different from the previous
reports13,21,40−42 on MoS2 with poor crystallinity and low stack
heights, the current work demonstrates MoS2 NSs with better
crystallinity and higher stack layers. Moreover, the relation
between the stack structures and the functions for the HER was
also examined. Due to their tailored nanostructures with high
active site densities, MoS2 NS electrocatalysts, especially the
one obtained at 550 °C, have demonstrated excellent HER
performance.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The MoS2 NSs catalysts were
prepared by mechanical activation of MoO3 and S micro-
particles, which creates microdomain effects and consequently
produces NSs. Generally, gaseous and aqueous reactants more
easily form nanoparticles due to closer contact of the reactants
and faster reaction rates, while the solid-state reaction always
produces large microparticles because of the low reaction rate
resulting from the slow diffusion from the outer layer to the
inner layer, resulting in the growth of crystal size. To limit the
crystal growth and then produce nanoparticles by a solid-state
route, we proposed a mechanical activation method, in which

the reactants MoO3 and S microparticles were ball-milled to get
nanosized powder and close contact, forming a relatively
isolated microdomain for sulfurization during the subsequent
annealing process. Due to the mechanical activation, the ball-
milled reactants could finish the sulfurization very quickly
(within 10 min), and as a result the outer sulfurized layer could
limit the growth of the inner oxide core and diminish the
agglomeration of the as-obtained NSs at low temperatures. The
synthesis procedure and structure mode for the fabrication of
MoS2 NSs is illustrated in Figure 1.
In a typical synthesis, 5 g of MoO3 was mixed with 10 g of S

and milled at room temperature in Ar for 24 h using a planetary
ball mill. The mill operated at 400 rpm using stainless steel balls
with a ball-to-powder ratio of 60:1 (w/w). The ball-milled
mixture was subsequently annealed at a temperature varied
from 350 to 750 °C for 60 min in a flow of Ar. The as-obtained
MoS2 catalysts were labeled as NSs-ttt, where ttt is the
annealing temperature in °C.

2.2. Physical Characterization. X-ray powder diffraction
(XRD) patterns for the various electrocatalysts were recorded
using a D/max-2500 system with Cu Kα radiation (λ = 0.154
nm). Crystallite sizes were estimated from the diffraction
patterns using the Scherrer equation. Microstructures were
observed by scanning electron microscopy (SEM, FEI Sirion
200) and transmission electron microscopy (TEM, TecnaiG2

20). Specific surface areas were determined by N2 adsorption at
77 K using a volumetric unit (Quadrasorb SI-3MP).

2.3. Electrochemical Characterization. To evaluate the
electrochemical activities toward HER for various electro-
catalysts, linear sweep voltammetry (LSV) measurements were
conducted in 0.5 M H2SO4 in a three-electrode electrochemical
cell with a scan rate of 2 mV/s on a IM6ex (Zahner, Gemany)
at room temperature. An electrocatalyst deposited onto a glassy
carbon disk was used as the working electrode. A detailed
preparation procedure for the working electrode is presented as
follows: 4 mg of the catalyst and 80 μL of Nafion solution (5 wt
%) were dispersed in 1 mL of the mixed solution of deionized
water and ethanol (4:1 in volume ratio). After ultrasonication
for 30 min, 5 μL of the catalyst slurry was dropped onto the top
of a glassy carbon disk. The obtained catalyst-coated glassy
carbon was then dried at room temperature to yield a catalyst
loading of 285 μg cm−2. A saturated calomel electrode (SCE)
was employed as the reference electrode and a Pt foil as the
counter electrode. Prior to any electrochemical measurement,
the electrolyte solution was purged with N2 for 1 h to remove
completely the oxygen, and stable polarization performance
curves were recorded after 10 cycles. Electrode potentials were

Figure 1. Schematic illustration of the synthesis procedure and structural model of MoS2NSs.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs400384h | ACS Catal. 2013, 3, 2101−21072102



recorded vs SCE reference electrode, which was calibrated with
respect to reversible hydrogen electrode (RHE). The
calibration was performed in an electrolyte saturated by high
purity H2 with a Pt wire as the working electrode, as reported
by Li et al.16 All the potentials reported in our manuscript are
against RHE. In 0.5 M H2SO4, E(RHE) = E(SCE) + 0.273 V.
A commercial bulk MoS2, marked as C-MoS2, was purchased

from Xilong Chemical Company, China, for the comparison of
the HER performance of the various MoS2-based catalysts.

3. RESULTS AND DISCUSSION

3.1. Structure Characterization of MoS2 NSs. The MoS2
NSs catalysts were synthesized via a microdomain reaction
method43,44 by ball-milling the mixture of MoO3 and S,
followed by annealing at high temperatures. Different stack
heights were controlled by adopting different annealing
temperatures. Due to similar structures of these catalyst
samples, only the MoS2 NSs sample obtained at 550 °C was
selected to represent their typical morphologies and structures,
which are shown in Figure 2. Compared to the bulk commercial
MoS2 microparticles (i.e., C-MoS2) with large basal planes
(Figure 2a), the MoS2 NSs sample shows much smaller size and
exposes more edge planes, as shown in Figure 2b. It was
observed that all the NSs are less than 100 nm in size from a
SEM image with a higher magnification (i.e., Figure 2c).
Further insight into the microstructures was obtained

through the TEM images. One can see that the bulk C-MoS2
(Figure 2d) is very large with size over 2 μm, consistent with
the previous SEM observation. In contrast, as shown in Figure
2e and f, the NSs are much smaller with a length of about 100
nm and a width of about 10 nm. Although the thickness of the
NSs cannot be determined from the present images because of
the favorite orientation of lamellar MoS2 on the copper grid, it
can be estimated to be about 2 nm from our previous report,43

in which the thickness was observed occasionally from the side
of twisted NSs. Therefore, the present NSs are supposed to
have a pretty high edge/basal ratio of 10 nm/2 nm, equal to
5:1. Moreover, the distance between two interlayers was also
measured and shows a typical value about 0.62 nm, a little
larger than the standard one with a tiny lattice expansion due to
the curvature of interlayers.45 Due to the similarity of the

microstructures among the NSs samples obtained at different
temperatures, as shown in Figure S1 in the Supporting
Information, only the TEM images of NSs-550 were selected
to compare with those of the C-MoS2 in Figure 2. However, it
must be noted that the increased temperatures improve the
crystallinity of the NSs samples, resulting in higher stacking
lamellar structures, consistent with the XRD analyses, as
discussed below.
XRD patterns of the MoS2 NSs obtained at different

annealing temperatures (350−750 °C) are shown in Figure 3.

All of these NSs can be indexed to the pure hexagonal MoS2
(JCPDS card no: 65−0160). The prominence of the (002)
peak indicates the presence of a well-stacked layered structures.
With the increase of annealing temperatures, all of the
reflection peaks are strengthened, indicating that the crystal-
linity is improved and the stack height is increased. Especially at
750 °C, the (006) and (112) peaks also become noticeable.
The stack height along the c axis of these samples was estimated
from the diffraction patterns using the Scherrer equation and
was listed in Table 1 along with their BET surface areas.

Figure 2. SEM (a, b, c) and TEM (d, e, f) images of the bulk C-MoS2 microparticles (a and d) and typical MoS2 NSs-550 (b, c, e, and f) .

Figure 3. XRD patterns of MoS2 NSs obtained at different annealing
temperatures and bulk C-MoS2.
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It is obvious that all the NSs prepared with the microdomain
reaction method show much lower stack height and higher BET
surface areas than the bulk C-MoS2. And with the increase of
annealing temperatures, the stack height of NSs is increased
gradually because of the improvement of crystallinity. However,
on the contrary, the BET surface areas drop down gradually
because higher temperatures promote the crystal growth and
reduce pore structures. It must be noted that there is a sharp
reduction in BET surface area at 650 °C, which probably will
affect the final function. Considering the BET surface area and
stack height information together, it can be concluded that the
bulk C-MoS2 will show poor catalytic ability for HER, because
it possesses a small surface area and a terrible edge/basal ratio
(47.6 nm/several μm), only exposing a few available edge sites.
And a higher activity is expected for these NSs because of their
relatively higher surface areas and, more importantly, their
engineered stack structures with higher edge/basal ratios.
3.2. Electrocatalytic Activity toward HER. The polar-

ization curves of all the samples measured in 0.5 M H2SO4 with
a scan rate of 2 mV/s at room temperature are shown in Figure
4. For comparison, bulk C-MoS2 and bare glassy carbon (GC)
were also included. As we know, MoS2 is a poor HER catalyst
in its bulk form,19 and there is only a slight current density
observed for the bulk C-MoS2 catalyst in Figure 4. However,
nanoparticulate MoS2 is a more promising system, and DFT
calculations have indicated that the edges of MoS2 nano-
particles are active for HER.10 As a result, excellent catalytic

activity is expected for the designed MoS2 NSs with more
exposed edge sites. As shown in Figure 4, all the MoS2 NSs
exhibit much better activity than the bulk C-MoS2, providing
direct evidence for the previous DFT calculations.10 Especially,
the NSs-550 shows the best HER activity with a current density
of 4.56 mA/cm2 at −150 mV, which is ca. 228 times larger than
that of bulk C-MoS2 (i.e., 0.02 mA/cm

2). Moreover, the various
NSs samples also show quite different catalytic activities, which
are decided by their intrinsic structures. With the increase of
annealing temperatures, the HER activity of NSs is increased
first and reaches the maximum value at 550 °C, then drops
down sharply afterward. NSs-750 shows the worst catalytic
activity among these NSs catalysts with a current density of
0.14 mA/cm2 at −150 mV but is still better than the bulk C-
MoS2.
The Tafel plots of these MoS2 NSs derived from the

polarization curves shown in Figure 4 fit well with the Tafel
equation at different overpotential ranges, and only the linear
portions were selected to give a clear comparison, as shown in
Figure 5. Much smaller than that (i.e., 184 mV/dec) of the bulk

C-MoS2, the Tafel slopes of all the NSs catalysts are between 68
and 104 mV/dec, comparable with that of the previous
reports.11,47 A smaller Tafel slope means a faster increase of
HER rate with the increasing potential.15 Therefore, the NSs-
550 still displays the best activity with the smallest slope value
of 68 mV/dec.
Although the Tafel slope alone is insufficient to determine

the specific mechanism of the HER, it does match the most
recent report for molybdenum sulfide electrocatalysts
assembled on a Au electrode.46 More importantly and
significantly, the current synthesis route is much easier and
cheaper without using any noble metals.
Stability is another concern for the HER catalysts. To

evaluate the HER stability of the NSs catalysts, long-term
potential cycling stability of the NSs-550 catalyst was
conducted by taking a potential scan from −0.3 to 0.1 V at a
scan rate of 2 mV/s after 1000 cycles at an accelerated scanning
rate of 100 mV/s. As shown in Figure 6, only a slight activity
loss was observed after 1000 cycles, indicating a good durability.
The most inherent measure of activity for the HER is the

exchange current density, j0,
48−50 which is determined by fitting

j-E data to the Tafel equation.48 The exchange current densities
of all the samples are listed in Table 2. One can see that the C-
MoS2 reveals a j0 of 3.0 × 10−7 A/cm2, which is comparable to
that reported for C-MoS2 materials in the previous studies,19,22

Table 1. Stack Height and BET Surface Areas of Various
Catalysts

sample
annealing

temperature (°C)
stack height

(nm)
interlayer
numbers

BET surface area
(m2/g)

C-
MoS2

47.6 76.8 4.0

NSs-
350

350 5.6 9 61.4

NSs-
450

450 5.8 9.4 58.3

NSs-
550

550 6.5 10.4 56.4

NSs-
650

650 7.1 11.4 35.0

NSs-
750

750 9.8 15.7 30.5

Figure 4. Polarization curves obtained in 0.5 M H2SO4 for various
electrocatalysts.

Figure 5. Tafel plots of various electrocatalysts.
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while all the NSs catalysts show much larger values of j0 by 1 or
even 2 orders of magnitude. And the most active catalyst is
NSs-550 with a largest j0 of 3.89 × 10−5 A/cm2, which is about
130 times that of the bulk C-MoS2. Considering that the NSs
catalysts possess much higher surface area which can provide
more exposed active sites, the j0 data were normalized by BET
surface area to give a fair comparison. It is obvious that the
normalized exchange current density of NSs-550 is still 9.2
times larger than that of bulk C-MoS2, which should be
attributed to its high active site density.
It is well-known that the turnover frequencies (TOFs) of

active edge sites should be the same without the addition of
other promoters, and the activity is determined by the exposed
edge active sites on the condition that the basal planes are inert.
The BET surface area of MoS2 catalysts includes the exposed
inert basal planes and the active edge planes, playing an
important role in all the catalytic reactions. Generally, larger
BET surface area means more exposed active sites, guaranteeing
higher activity. However, the catalytic activity is not always
proportional with the BET surface area, because the
incremental surface area could be contributed by the inert
basal planes, providing no active sites for catalytic reactions,
which was also proved in hydrotreating reactions.49 In the
present work, although the BET surface areas decrease with the
increase in annealing temperatures, the activity is first improved
and reaches the maximum value at 550 °C, then drops down

afterward. j0 and normalized j0 also follow the same trend, as
depicted in Table 2. Therefore, it can be concluded that the
difference of normalized j0 in Table 2 is caused by various active
site densities, which can be described as the ratio of edge plane
surface area/total surface area.
To get a direct site-to-site comparison, the TOFs (s−1) of

each site were also calculated following Jaramillo’s method,19 as
shown in Table 2. It must be noted that the so-called sites here
include inert basal and active edge sites, and the so-called TOF
was actually defined as the per atom exchange rate of Mo,
where the active sites were probably located. Despite a very low
TOF value of C-MoS2, the TOFs of the MoS2 NSs catalysts are
the same order of magnitude with the MoS2 nanocatalyst (0.02
s−1),19 and the NSs-550 shows a highest TOF value of 0.08 s−1,
indeed in the high range of TOFs for metals. The obvious
variation of TOF values among the various NSs catalysts are
also attributed to the different active site densities. A higher
active site density can enhance the TOF per site on average.
A summary of the exchange current densities (j0) and Tafel

slopes of various molybdenum sulfide catalysts investigated in
the previous reports is shown in Table 3. One can see that the

in-house NSs-550 catalyst shows much larger exchange current
density and a relatively lower Tafel slope without any additives.
It can be inferred that there are more exposed edge planes in
the NSs-550 catalyst due to a higher edge/basal ratio, providing
more active sites, which can generate a larger current at low
overpotentials. With the introduction of highly conductive
materials (Au, graphene, MWCNT, etc.), the HER activity can
be greatly improved. Moreover, the amorphous MoSx also show
excellent activity due to their quite different microstructures.

3.3. The Relation between the Structure and HER
Function. It is widely accepted that the predominant active
sites of MoS2 are metallic edge planes with sulfur vacancies,
whereas the basal plane, normally with completely coordinated
sulfur atoms, is basically inert.52,53 High-resolution scanning
tunneling microscopy studies and theoretical calculations
performed on nanoparticulate MoS2 structures formed under
sulfiding conditions implicated the formation of disulfide
linkages or triangular MoS2 units along the fully sulfide
catalytically active edges of the layered structures, but the
precise action modes of these sites remains elusive.54,55 To
identify the active edge sites of MoS2 nanocatalysts for HER,

Figure 6. Stability test for the NSs-550 catalyst.

Table 2. Tafel Slopes, Exchange Current Densities j0,
Normalized j0, and Turnover Frequencies (TOFs) for
Various MoS2 Catalysts

sample
Tafel slope
(mV/dec)

j0 (× 10−5

A/cm2)
normalized j0 (× 10−7

A/cm2
BET)

TOFa

(s−1)

C-
MoS2

184 0.03 0.75 0.001

NSs-
350

103 1.29 2.10 0.03

NSs-
450

98 3.02 5.18 0.06

NSs-
550

68 3.89 6.90 0.08

NSs-
650

100 1.45 4.14 0.03

NSs-
750

104 0.5 1.64 0.01

aThe TOF here is actually defined as the per atom exchange rate of
Mo.

Table 3. A Summary of the Exchange Current Densities (j0)
and Tafel Slopes Reported for Various Molybdenum Sulfide
Catalysts

catalyst
catalyst loading/

μg cm−2
j0/A cm−2

geometric

Tafel slope/
mV dec−1

MoS2 on Au (111)19 3.1 × 10−7 55−60
MoS2

11 4.6 × 10−6 120
MoSx

47 53−65
MoS2 on carbon
nanospheres31

190 41

MoS2 on RGO/free
MoS2

16
285 41/94

MoS2/MWCNT23 4.0 × 10−6 109
MoO3−MoS2
nanowires40

50−60

MoS2 on Au46 9.3 × 10−6 69
MoS2

41 50
MoS2

51 8.5 2.2 × 10−6 105−120
NSs-550 285 3.89 × 10−5 68
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Jaramillo et al.19 prepared MoS2 nanoparticles with different
sizes in an ultrahigh vacuum and confirmed that the edge site
was indeed the active site, and the rate of reaction was directly
proportional to the number of edge sites regardless of particle
size. More importantly, they also proposed that changing the
annealing temperature can control the ratio of basal planes to
edge sites.19

Generally, higher activity can be achieved by enlarging the
exposed surface area and enhancing the active site density. For
bulk C-MoS2, the exposed surface area is much lower than the
NSs samples, and hence only a tiny j0 is obtained with a value of
3.0 × 10−7 A/cm2. Eliminating the effect of surface area, the
normalized j0 gives a clearer insight into the origin of active
sites. Although so, the bulk C-MoS2 still exhibits the smallest
normalized j0. Therefore, the more dominant factor should be
the active site density. For C-MoS2, the stack height is only
about 47.6 nm (Table 1), while the length or diameter of the
basal plane is up to several micrometers (observed from the
SEM and TEM images in Figure 2), resulting in a much smaller
active site density. Due to the unique synthesis strategy, the
MoS2 NSs catalysts possess larger BET surface areas and higher
active site densities with more active edge sites, and accordingly
higher catalytic activity.
However, the microstructures of MoS2 NSs, especially the

exposed edge sites, are also strongly influenced by the annealing
temperatures, resulting in various HER functions. To clarify this
relation, in Figure 7 we plot the normalized j0 versus the

annealing temperature, which decides the stack height and BET
surface area. With the increase of the annealing temperature
from 350 to 550 °C, there are only slight increases and
decreases in the stack height and BET surface area (as evident
in Table 1), respectively. As evident from Figure 7, the
normalized j0 is enhanced with the increased annealing
temperature associated with higher stack heights, approaching
a maximum value of 6.90 × 10−7 A/cm2 at 550 °C. When
annealed at 650 °C, the high annealing temperature not only
accelerates the sulfurization (completed in less than 10 min44)
but also promotes the agglomeration of NSs to form bulk basal
planes, resulting in a sharp drop in BET surface area by 40%
(Table1). When up to 750 °C, a sharp increase of the stack
height from 11.4 to 15.7 layers is also observed, indicating a fast
growth of crystal size with agglomerated basal planes. As a

result, a smallest active site density is obtained, leading to the
minimum normalized j0 value of 1.64 × 10−7 A/cm2 at 750 °C.

3.4. Further Improvements. Although the MoS2 NSs
catalysts provide high active density, there is still a lot of room
available to further improve their electrocatalytic activity. First,
to enhance the inherent activity of each active site, Co can be
adopted as a promoter,11,15 as used in the hydrotreating
catalysts of CoMoS.56,57 Second, to improve the exposed
surface area, porous structures with large surface area are
preferred. Third, to minimize electronic transfer limitations,
highly conductive supports are required. Therefore, to design a
highly active HER catalyst to replace Pt, Co-promoted MoS2
NSs coated on a porous support (such as graphene) with large
surface area and excellent electronic conductivity are very
promising candidates and this work is in progress.
Although it is widely accepted that the Mo atoms are likely

the main active centers on the exposed edges,10,19,51,54,55 based
on some recent research reports, the rich S edges could play an
important role in enhancing the HER activity,14,17,46 and hence,
it would be a very interesting and significant work to further
investigate the effects from the sulfur edges, which is supposed
to help us design MoS2 materials with tailored nanostructures
and improved HER performance, and this investigation is also
in progress.

4. CONCLUSIONS

MoS2 NSs catalysts with high active site density have been
successfully synthesized with a microdomain reaction method,
exhibiting excellent catalytic activity for the HER, and the active
site density can be readily tailored by simply changing the
annealing temperature. The highest active site density is
observed at an annealing temperature of 550 °C over the
catalyst NSs-550. Moreover, NSs-550 is the most active catalyst
in the present work with a Tafel slope of 68 mV per decade.
The excellent HER performance is due to the large amount of
active sites, which are attributed to the high active site density
and the relatively large exposed surface area. With the increase
of the annealing temperature, the BET surface area and stack
height decreases and increases, respectively, resulting in an
increase of activity before 550 °C and a reverse drop after that.
The present work gives a new method to engineer the lamellar
structure of MoS2 to expose more catalytically active edge sites,
enabling improved performance. Further improvements of the
activity can potentially be achieved by doping Co onto the edge
sites of MoS2 to form the highly active CoMoS phase followed
by coating it onto a porous support with large surface area and
high electronic conductivity.
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